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AN EXPLORATION OF PHASE STABILITY IN THE “SURFATRON" ACCELERATOR®

D. V. Neuffer, Ri-5, MS-HB29
Los Alamos National Laboratory, Los Alamos, New Mexico 87545 USA

Summar

Proton and electron motion in a laser "beat-wave"
accelerator with a transverse magnetic field 1s ex-
plored. Parameters of stable acceieration are deter-
mined analytically and by simulation. The effects of
synchrotron radiation on electron acceleratinn are also
explored.

Introduct ion
Katsouleas and Dawson!s? have developed a modi-
fication of the plasma lheat-wave accelerator,? called a
surfatron, that adds a magnetic field to the plasma
beat-wave field to maintain synchronism between the

partizle motion anc the wave. The beat-wave lonaitudi-
nal electric field 15

E=Esin (kpx - mpt) X (1)

and develops from plasma-wave oscillations excited by
laser pulses of frequencies w a1 w + A& and wave vec-

tor, f]. fg. where Aw = wp = van Nez/me iz the plasma
frequency and kp y - E] - fg. Ey can be expressed as

Eo = a mee wp (2)

with 2, the plasma-wave amplitude, 1. In the surfa-
tron, a constant transverse magnetic field is added

- -

B=Fz , (3)
where E. x are unit vectors.

The equations of motion for a particle with mass
M in these fields are

qt
%T-(yﬂ‘) . —HEQ sin (kpx - wpt) + ﬂEE By ., and

%T (Yﬂy) " ﬂEE Bx "t Gl ' (4)

- -
where we is Lhe cyclotron frequency and N = V/c.
Comhining these equations, an expression for the

rate of energy qain of a particle in a surfatron is
found:

d qlo
3} "W ﬂl sin (kpl - “bt) . (5)

2 -1/2
Here y = (1 - 62) /

Surfatron Oscillations

In synchronous injection intc a surfatrun, Bx
is initially set nzar the wave velocity i)p:

Bl ] mn/(kpt) - ﬂp .

®OTOTTTTL L0 e e - . N,

Particles “trapped" by the magnetic field oscillate in
Bx about B while By, the y velocity, increases follow-
ing (from eq. 4):

- W )

t
B o . 16)
y 2 2,2\ 1]/2

yp(l * Bp t%)

In the relativistic limit B, = =1/y_ = (1 - 85)1/2

with By = Bp, eqs. (4) and {5) can he combined to
obtain

2 qt w.efh
g—;'—%ﬂn(kx-wt)'*"—l \7)
dt Myyp P Y

or, with ¢ = kpx - wpt and By = =1/vp,

2 k, qE
1$--£—§(ﬂn¢- sin ¢ ) \8)
- o
dt M yyp
with
y.Muc y.B
I-pc | ]
SR LA

The motion 1s stabla 1f |sin ¢gl < 1 or ypB < kg, wnich
is precisely the condition for "magnetic trapping” in
ref. (1). Equation (B) is the expression for phasc
oscillations about a central stable phase ¢g at wnich
particies gain energy 2t a rate given by

2dy ., N
Mc a{ QE By csing =ay s, b, \9)

and enz2rgy oscillations about the central enerygy are
fourd from

qt_n
%ﬁl- 2 (sin ¢ - stne) ()

2
B, YoY
o d
whence Ay v p%‘j a% .

The phase oscillation eq. (8) is yguite similar tn the
equations for synchrotron oscillatione famil.ar to ac-
celerator scientists, and the properties uf surtatron
oscillations may be developed by analogy.®  Ihe surfa-
tron oscillation trequency :s

at. k lcos ¢ |
e _Q_ﬁ_v_“JL . (1)
' L P

Trapped particles are found within boundaries of a sta-
ble accelerating bucket with boundaries determined by



2 qktEk
zl—(g%) +—g—9[cos¢- cos ¢, *+ ¢ sin °o
M Yp¥
(12)
- 00 tin ¢°] »

with ¢;, the extreme stable phase, = n - ¢g.

The bucket area (in ¢ - Ay space) increases as vy
in acceleration, so trapped particles remain trapped.
In adiabatic acceleration, the area of a trapped bunch
reT7lns constant. The phase width A¢ decreases zs
y-1/8 while the energy width Ay increases as y!/4.
The major difference between surfatron and synchrotron
oscillations is that surfatron acceleration is fast and
not entirely adiabatic; the approximation condition

v << 9 v (13)

is not always valid.

The oscillations arc substantially different from
1inac piiase oscillations. In an ulcrarelativistic
linac, the oscillation freguency (£  y-3/2) becomes
quite slow and particles approach an asymptotic phase
as t + = In the surfatron, (2, » y-1/2) oscillations
continue, although slowed, and no asymptoti:c phase is
reached;

1
o= | £, dt  increases indefinitely.
)

The featu-es of surfatron oscillations described
above have been confirmed 1In simulations integrating
the exact equatione< of motion.*®

Synchrotron Radiation in a Surfatron

Radiation in a transverse magnetic field limits
electron acceleration 1in a synchrotron to <100-GeV
final energy. It 1s important to determine whether a
similar limit exists in a surfatron.

The power radiated by a particle is given by

b d
pal e
I

Wlde-a b7 . (14)

which can be combi vd with Lhe equations of motion to
nhtain

2 ?
Pl ?..fi u_lc._'}l
3% : E?
T x
e[ ,-- ek
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where
-1 8
sin ¢ F o Lop— ¥ sin ¢
0
(1 - Bx)[o

at high enerqies,

An exactly synchronous particle has a constant
phase at ¢ ~ ¢g with only the first term of eq. (15)

nonzerc. This first term can be expressed using the
rate of ener- ‘ change y as

2
.2 e 2 (16)
p I ¢ Y .

This same result i¢ obtained in the corresponding
linac, and in both cases is quite small and does not
change as particle energies increase.

The second term ot eq. (15), which corresponds to
radiation frunm the transverce B-field modiviea by the
E-field, 1s nopvanishing with finite phase &rrors and
increases 2s yZ, becoming important in the ultrahign
energy acceleration of electrons. In the high-energy
limit, this .erm becomes

2 sin ¢ - sin ¢.\2
L2 2 2 ]
S Il ( ST 6, ) . (17)

and acceleration requires that this term be less than
the synchronous rate of energy gain. This implies (for
electrons)

2

2 sin ¢ - sin ¢

£ e sm (2200 anat s
Yp 0

where E is the electron energy.

The phase error term (sin % - 5°n ¢g) will ve ex-
cited by the heam phase spread as well as fluctuations
in the plasma-wave pnase and amplitud~. Sucn fluctua-
tions are expected at about the 10% level in a reasun-
ably uniform plasma <xcitation. With B = 10 T and
Yp = 10 (typical values), E <5 TeV is wmlied.

Surfatron oscillations are not directiy affected
by the radiation; however the plasma could be disturbed
by intense particle radiation. Heavier particles (4,
p, etc.) can obtain much larjer energies before encoun-
ter .y radiation difficilties.

Numerical Examples uf Surfatrons

Previously, simulation results demonstrating par-
ticle trapping an¢ surfatron oscillations have been
presented, and parameters for high-eneryy and demon-
stration accelerators have been suggested." Because a
functional surfatron combines high-intensity synch o-
nired laser pulses, a uniform medium-density plasma,
an injected beam, and a uniform high magnetic ticld, a
precise formulation of optimum parameters 1s not yctl
prssible. In this section we outline two possible
surfatrons to demonstrate the technigue of parameter
grneration.

The most oifficult requirements are the laser
characteristics. High-power lasers with very short
pulses are required. The time scale of the pulse iy
set by the fact that the plawna wave remains conerent
only for a time less than the fon oscillation Lime®
4 where

1, - V/ﬁhl &
i m(' m"

High fintensity on this time scale {s somewhal beyond
current capahilities;® lasers with wavelungths frum
A 10 p(C02) to 0.3 u (frequency-tripled Nd-glass)
may ubtain the necessary intensity. Fo~ these numerf-
cal c«amples A = 1 i s chosen.



Uaiform excitation of a plasma probably renuires
that the parameter a be much less than 1; a = 0.1 to
0.25 is chosen here. The other parameters are set by
considering the equation ame ¢ wp s11 ¢ * & yp B,
noting that yp = w/wp and wp = Aw. Sin ¢ < 1 is re-
quirei for stagility, and yp >> 1 is also required. B
is chosen in a reasonable field range (1 to 10 T) and
the remaining parameters are reshuffied such that the
acceleration rate is at a comfortably high level, many
gigavolts/meter. The synchronous acceleration rate
can be rewritten as

&=y, 0.308(n &
With B >1T and yp > 10, substantial acceleration
is obtained.

Parameters for an electron and a proten surfatron

are displayed in table 1. Simulations of particle
trapping and acceleration have been performed for these

TABLE 1
Electron- Proton-
Accelerator Accelerator
Parameter Example Example
B-field 10T 1.25 T
Laser wavelength 1.0 u 1.0 p
Plasmi-wave 0.25 0.1
amp1itude a
Plasma gamm. 13.77 25
Yp * wiup
Plasma density N 5.9x10'% em™3 1.8x10'8 cm”3
Synchronous (e Beyp) 41.3 GeV/m 9,38 GeV/m
accelzration rate
Lenyth for 1-TeV 20.2 m 107 m

accelerator

Surfatron oscilla-
tion parameters:

sin (og) = 0.704 0.73

fgle (v * ) L7e10d ! 27w

fig/e (1 Tev) 9,97 m-1 1.95 m-1
Similation results:

Capture efficiency 66% 4%

AL tota) at 100 Gev  0.36 GeV 2.2 GeV
of captured bunch
4¢ tot:) at 100 GeV 0.2? 1.4

cases. In these simulatinns, a particle distribution
(with energy y in a distributicr about yp and random
phase ¢ and 2ero Vy) is injected and the equations of
motion 1integrated “until nuch higher energies are
reached by trapped particles., Surfatron oscillations
are vbserved, and phase-energy distributions are meas-
ured. Some results are displayed in table I. The
idealized constant amplitude sine wave of eg. (1) is
used to represent the plasma-wave electric field, im-
plying that the beam phase-space area is conserved in
acceleration. Fluctuations are expected to procuce
substantial phase space 1increase but, because the
stable buckets are quite large, acceleration shoula
remain stable at high energies.

Conclusions

This paper has discussed some features of the
surfatron, which provides the possibility of staole
high-energy acceleration of particles. The nature of
surfatron oscillations has been discussed and limita-
tions imposed by synchrot-on radiation nave been
described.
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